How a shape arises from the coordinated behavior of cells is one of the most fascinating questions in developmental biology. In plants, fine spatial and temporal controls of cell proliferation and cell expansion sustain differential growth that defines organ shape and size. At the leaf margin of Arabidopsis thaliana, interplay between auxin transport and transcription factors named CUP SHAPED COTYLEDON (CUCs), which are involved in the establishment of boundary domain identity, were reported to trigger differential growth, leading to serration. Cellular behaviors behind these differential growths remain scarcely described. Here, we used 3D and time lapse imaging on young leaves at different stages of development to determine the sequence of cellular events resulting in leaf serrations. In addition, we showed that the transcription factor CUC3 is a negative regulator of cell growth and that its expression dynamics in a small number of cells at the leaf margin is tightly associated with the control of differential growth.
INTRODUCTION
During their initial development, plant cells undergo mainly two types of processes: cell proliferation, which combines cell division per se (the partitioning of one cell into two daughter cells) and cell growth (increase in cell volume that occurs within the cell cycle); and cell expansion, which consists in an irreversible increase in the size of cells that have exited cell proliferation and is often associated with differentiation processes (Fleming, 2018; Perrot-Rechenmann, 2010) . This increase in size varies in strong proportions according to the cell type and environmental cues. To date, it is not clear whether cell growth occurring within the cell cycle and later on cell expansion result from similar processes or not (Sablowski, 2016) . At tissue or organ levels, growth results from the combination of proliferation and expansion; in shoots, spatial and temporal regulations of growth sustain the iterative formation of new growth axis (leaves, lateral branches and flowers), which is the basis for shoot architecture. Leaf morphogenesis is sustained by the iterative initiation of the new growth axis associated with serrations, lobes or leaflet formation, depending on the species.
In land plants, initiation of new growth axis generally relies on the competency of cells to divide and the maintenance of founder cells with an undifferentiated cell fate. Although the undifferentiated state of shoot apical meristem (SAM) cells is conserved across species, the spatial and temporal regulation of proliferation in leaves differs between species. In general a longer proliferation phase is associated with a higher number of initiated leaf marginal outgrowths, e.g. tomato and Cardamine hirsuta leaves exhibit a longer proliferation phase in comparison with Arabidopsis and initiate a higher number of marginal outgrowths. Important regulators of the undifferentiated fate are the KNOX family of transcription factors (TFs), such as SHOOTMERISTEMLESS, which shows conserved expression in the SAM across species, whereas its expression varies in leaves of distinct species in correlation with the number of marginal outgrowths (Hay et al., 2002; Kierzkowski et al., 2019; Piazza et al., 2010) .
Another feature required for initiation and maintenance of new growth axis is the spatial organization of growth. High-growing regions, such as primordia in the peripheral zone of the SAM and leaf marginal outgrowth, are spatially isolated from surrounding regions by a domain of lower growth: the boundary domain (Dumais and Kwiatkowska, 2002; Kwiatkowska, 2004) . Beside the SAM and sinuses or inter-leaflet regions in leaves, boundary domains are found in numerous domains separating plant organs . Genetic approaches have shown that boundary domain formation requires the activity of CUC transcription factors. Disruption of CUC genes results in more or less severe defects in organ separation, depending on the gene and the species (Aida et al., 1997 (Aida et al., , 1999 Gonçalves et al., 2015; Vroemen et al., 2003) . In leaves, regardless of the species, CUC loss of function always results in a simplification of leaf dissection (Berger et al., 2009; Blein et al., 2008) ; in Arabidopsis thaliana, CUC1 ectopic expression or CUC2 overexpression results in increased serrations or even formation of leaflets Takada et al., 2001) . The formation of a new growth axis is associated with the establishment of auxin maxima mediated by dynamic polar auxin transport (Bilsborough et al., 2011; Kawamura et al., 2010; Reinhardt et al., 2000 Reinhardt et al., , 2003 . In leaf, it has been proposed that sequential formation of auxin maxima at the leaf margin was the result of interplay between the CUC2 and PIN1 polar auxin transporter, leading to auxin accumulation at the teeth and auxin depletion from the boundaries. In addition, auxin responses would restrict CUC2 expression to the sinuses, thus forming a CUC2-PIN1-Auxin module enabling the reiterative formation of growth axis at the leaf margin (Bilsborough et al., 2011; Kierzkowski et al., 2019) . This module is also involved in primordia initiation at the SAM periphery and during ovule primordia formation (Galbiati et al., 2013; Heisler et al., 2005; Vernoux et al., 2000) . The recent technical advances in time-lapse imaging and image analyses allowed the identification of a strong correlation between regions of transcriptional auxin responses and CUC2 domains, and regions of high and low overall growth at the leaf margin of A. thaliana, respectively (Kierzkowski et al., 2019) . In addition to this module, the local expression of REDUCED COMPLEXITY (RCO), a TF that is absent in A. thaliana, in inter-leaflet regions of C. hirsuta leaves has been associated with regions of lower growth and division (Kierzkowski et al., 2019; Vlad et al., 2014) .
In A. thaliana simple leaf, apart from CUC2, CUC3 is the only other CUC gene being expressed, although with a slightly different pattern. CUC2 is localized in a broad domain at the leaf margin with a maximum in the region of sinuses, whereas CUC3 is expressed in only a few cells at the sinuses (Maugarny-Cales et al., 2019) . While cuc2-1 loss of function exhibits a smooth margin as it fails to initiate teeth, the cuc3-105 null mutant still initiates serrations but they tend to be rapidly smoothed during leaf development. In A. thaliana leaves, the effect of CUC2 on the maintenance of marginal outgrowth has been shown to partially rely on CUC3, as overdissected leaves of A. thaliana lines exhibiting higher levels of CUC2 become smoothed in a cuc3-105 mutant background Maugarny-Cales et al., 2019) . Altogether, these results suggest distinct roles for CUC2 and CUC3, with the CUC2-PIN1-Auxin module required to sequentially initiate outgrowth at the leaf margin and CUC3 required for maintaining the growth of these new axes through a yet unknown mechanism.
Here, using a combination of 3D imaging and time-lapse experiments on leaf primordia of A. thaliana, we analyzed cellular behaviors at the abaxial epidermis and leaf margin during early stages of leaf development. We revealed that spatial and temporal regulation of cell growth mediated by CUC3 is required to modulate differential growth at the leaf margin, thus sustaining the dynamic changes of leaf shape over development.
RESULTS

Spatial differences in cell growth sustain differential growth at the leaf margin
In order to investigate the longstanding issue of cellular events occurring behind differential growth at the leaf margin, we used 3D imaging and time lapse experiments on lines expressing p70::PIP2-GFP, a plasma membrane marker (Luu et al., 2012) (Fig. 1A) , to analyze cell behavior during early stages of teeth formation. We focused on the first teeth (referred to as teeth 1), which are the first ones to be formed on each margin of very young leaves of about 200 μm in blade length (Biot et al., 2016) . Cell segmentation and growth analyses were performed using MorphoGraphX software (Barbier de Reuille et al., 2015) complemented by homemade pipelines that aimed to identify and analyze cellular or clonal parameters (see Fig. S1 for the image analyses pipeline). For each experiment, the first step was to determine, in a reproducible manner, cells of the abaxial epidermis belonging to sinus and tooth, respectively. To do so, we took advantage of geometric features of the leaf margin. Teeth are dome-shaped, whereas sinuses are saddle shaped; they thus exhibit positive and negative gaussian curvature, respectively. Once sinuses belonging to cells have been identified by threshold on the mean gaussian curvature of the leaf surface (measured per cell), we then defined the teeth as the region of epidermis between two successive sinuses on the margin side. For time-lapse experiments, we identified these two cell populations at the beginning of the experiment (time zero) to further define sinuses and teeth-derived clones (group of sister cells derived from a single mother cell at time 0) at 24 and 48 h ( Fig. 1B) . We then performed quantitative measurements of surface areas, and division and growth on these two types of clones ( Fig. 1 ). As anticipated, differences in clone surface areas increase between sinus and tooth during tooth outgrowth, with sinus-derived clones being smaller than the tooth-derived clones (Fig. 1C ,F). To determine whether this difference results from variations in division and/or cell growth, we analyzed the number of cells formed per clone from time zero to 48 h and computed the clone areal strain, defined as: [(clone surface area at 48h −clone surface area at 0h )/clone surface area at 0h ]×100 over the same time frame. During the early stages of tooth growth (40 μm to 100 μm in tooth width), the number of cell division events was not significantly different in the sinus in comparison with the tooth, indicating that spatial differences in number of cell division events is not associated with differential growth during this developmental window ( Fig. 1D,G) . Clones resulting from a single cell within the tooth area exhibit an average increase in surface area over 48 h that is twice the one of a sinus clone over the same time frame ( Fig. 1E,H) . To complete these analyses, we measured cell surface areas in sinuses and teeth at each time point, and found significantly smaller cells in sinuses ( Fig. 1I ). To further confirm these results and avoid potential bias resulting from time-lapse experiments, we looked at the distribution of cell surface areas in sinuses and teeth on independent 3D acquisitions of leaves from the same line, and plotted the results according to the width of the teeth. For leaves with a tooth one width below 100 μm, the mean cell surface areas were 48 μm² and 68 μm² in sinuses and teeth, respectively, whereas for a tooth one width between 100 μm and 200 μm, the mean cell surface areas reached 63 μm² in sinuses and 89 μm² in the tooth (Fig. 1J, Fig. S3 ). Altogether, these results indicate that early stages of teeth development result from a spatial difference in cell growth of dividing cells between regions of sinuses and teeth with a lower cell growth at sinuses.
CUC3 expression is located in very few cells exhibiting small surface areas at sinuses
To figure out the link between expression patterns of CUCs and differential growth occurring during leaf morphogenesis, we used 3D imaging on lines carrying transcriptional reporters for CUC2 and CUC3 ( Fig. 2A ). We first projected signal from pCUC2::RFPer and pCUC3::CFPer reporters onto the segmented surfaces of leaves ( Fig. 2B ,C). We then normalized mean projected signal intensities for both reporters and applied a threshold on these normalized signals to classify cells into three domains: CUC2-expressing cells; CUC2-and CUC3-expressing cells, named CUC2 and CUC2/3, respectively, hereafter; and cells expressing neither CUC2 nor CUC3, assigned as noCUCs cells. In addition, the sinus defined on the gaussian curvature of the surface is outlined in yellow (Fig. 2D ). The data show that whereas CUC2 is expressed in a rather broad region comprising the sinus and surrounding cells, CUC3 expression is far more restricted and tightly overlaps with the sinus. To gain insight into the distribution of cell surface areas within the CUC2 and CUC2/3 domains, the outlines of the corresponding expression domains were drawn on the cell surface area map ( Fig. 2E ) and the areas of individual cells within each domain was measured on 29 independent leaves of a similar developmental stage. These measurements revealed that the CUC2/ 3 domain is composed of smaller cells than CUC2-expressing cells, these CUC2 cells being smaller than cells expressing neither CUC2 nor CUC3 (Fig. 2F ). Both map ( Fig. 2E ) and quantifications ( Fig. 2F ) revealed that cell-surface areas are more homogeneous in the CUC2/3 domain than in the CUC2 domain. These results, together with the phenotype of a smooth margin in both cuc3-105 mutant or in transgenic lines exhibiting higher CUC2 activity in the cuc3-105 background Maugarny-Cales et al., 2019) , indicate that CUC3 is likely to be required for the local inhibition of cell growth at the margin during growth and development of serrations. independent Col-0 leaves with the tooth 1 width ranging between 0 and 100 µm or 100 and 200 µm, respectively, for a total of 283 and 237 sinus cells and 1384 and 2948 tooth cells). Scale bars: 50 µm in A-E. Asterisks represent statistical differences according to a t-test: *P<0.05, **P<0.01, ***P<0.001 (* 1 =0.0148; *** 2 =0.0006; *** 3 =2.33e −06 ; *** 4 =2.2e −16 ; *** 5 =2.2e −16 ). In F,H-J, boxes represent the inter quartile range, the segment inside the box shows the median value, whiskers above and below the box show the location of minimum and maximum. In G, the horizontal line represents the mean.
The local reduction of cell growth at the sinuses is mediated by CUC3
To test this hypothesis, we introduced the p70S::PIP2-GFP plasma membrane marker in the cuc3-105 mutant background and performed 3D imaging and time-lapse experiments on leaf primordia ( Fig. 3) . We applied the previously described pipeline (Fig. S1) to identify cells or derived clones from the tooth and its relative distal sinus. Data resulting from time-lapse experiments revealed that no division was observed in the very few cells identified as forming the sinus in cuc3-105, whereas a variable number of divisions occurred per clone in tooth ( Fig. 3A,B ,F). Within the same period, extension of clone surface area occurred in cuc3-105 sinus and tooth domains ( Fig. 3C,G) , although weaker than the extension in clone surface areas in wild type within the same time frame ( Fig. 1E,I) . On a cellular scale, measurements of cell surface areas were performed on tooth and sinus cells after redefining the latter at each point of the time lapse on the basis of the gaussian curvature. An increase in cell surface area of about four times was measured at the sinus, whereas the mean cell surface areas remained constant in the tooth (Fig. 3H ). Performing cell area analyses on a number of independent static acquisitions in cuc3-105 confirmed the differences in cell surface areas between sinuses and teeth ( Fig. 3I ). Comparison of the distribution of cell surface areas in sinuses and teeth of cuc3-105 with the ones in Col-0 indicates that, although cell surface areas in sinuses of cuc3-105 are significantly higher than in Col-0 ( Fig. 3J ), there is no significant difference in tooth cell surface areas (Fig. 3K ). These data suggest that CUC3 is somehow required to maintain cell division at the sinuses and is involved in local cell growth reduction at the sinus.
To further investigate the effect of CUC3 on cell growth, we generated an inducible line overexpressing CUC3 in a cuc3-105 background using the previously reported p35S::CUC3-GR construct (Bennett et al., 2010 ) (CUC3-GR hereafter) and performed dexamethasone (DEX) induction on seedlings cultivated in vitro. CUC3 induction triggers drastic changes in leaf morphology, including leaf hyponasty (data not shown) and enhanced serrations, compared with non-induced leaves. To visualize the associated changes at the cellular level, we performed 3D imaging on leaves stained with Calcofluor to segment and measure the surface areas of the epidermal cells at sinuses (Fig. 4A ). The restoration of CUC3 activity in the region of sinuses is associated with cells exhibiting mean surface areas of 62 μm², while in non-induced conditions, mean cell surface areas in cuc3-105 sinuses is 102 μm² (Fig. 4B ). Cell areas in the region of the midvein are smaller than in cuc3-105 (arrows in Fig. 4A ), suggesting that ectopic expression of CUC3 in this region also affects cell growth/expansion of these cells. However p35Smediated expression of CUC3 does not result in a homogenous reduction of cell size all over the leaf surface. Larger and rather isotropic cells are observed in a domed zone in the middle of the teeth and in the more distal domain of the leaf; however, this domain lacks the elongated cells forming the leaf margin (arrowheads in Fig. 4A ). To further explore the influence of CUC3 on cell elongation, we induced CUC3 expression in darkgrown seedlings and measured hypocotyl elongation, the growth of which is triggered almost exclusively by anisotropic expansion of pre-existing cells in the mature embryo (Gendreau et al., 1997) . 48 h after germination, CUC3-GR hypocotyls grown in the presence of DEX exhibited an average length of 0.8 mm (Fig. 4C,E,G) while the non-induced hypocotyls reached 12 mm in mean length (Fig. 4D,F,G) ; cuc3-105, p35S::TRANSPARENT TESTA 8-GR in tt8-1 (TT8-GR) and tt8-1 control lines exhibited only weak variations of hypocotyl length after treatment with DEX ( Fig. 4G ). CUC3 ectopic expression drastically suppresses cell elongation in hypocotyls grown in darkness, indicating that CUC3 is a negative regulator of both cell growth of cycling cells and cell expansion.
Smoothening of tooth 1 at later stages of leaf development is associated with a release of CUC3 mediated cell growth inhibition at the sinus In the later stages of leaf development, the first pair of teeth tends to be smoothed in wild-type plants, indicating that the initial differential growth is not further maintained (Biot et al., 2016) . A change in differential growth might be the consequence of a change in cell growth behavior of sinuses cells. As CUC3 was involved in the local reduction of cell growth at sinuses in the first stages of serration formation, we questioned whether cell growth dynamics and CUC3 expression change in sinuses during tooth 1 smoothening. We performed time-lapse experiments at late stages of teeth development in Col-0 co-expressing a plasma membrane marker and a transcriptional reporter for CUC3 ( p70S::PIP2-GFP/pCUC3:: CFPer). We focused our analyses on sinus cells identified as described above (Fig. S1 ), we measured cell surface areas, numbers Col-0 leaves with tooth 1 width ranging between 0 and 100 µm or 100 and 200 µm have been pooled for this plot (data used in Fig. 1) ]. (K) Distribution of cell-surface areas in teeth of Col-0 (orange) and cuc3-105 (white) according to the width of the tooth (data for this plot came from the same acquisitions used in I and J). Scale bars: 50 µm. Statistical differences according to t-test: ***P-value<0.001 (*** 1 =3.994e −05 ; *** 2 =2.283e −15 ; *** 3 =7.552e −11 ; *** 4 =3.503e −15 ; n.s., not significant). of cells formed per clones and pCUC3 projected signal at each time of the experiment (Fig. 5) . Heat maps and measurement of cell-surface areas revealed that cell growth occurs in sinus cells (Fig. 5A,E) . The absence of cell division in sinuses (Fig. 5B ) indicates that this increase in cell-surface areas results from cell expansion. pCUC3projected signal intensity (Fig. 5C ) decreases over time as the cells expand in sinuses (Fig. 5D,F) . These results are further confirmed by the measurements of sinus cell areas and pCUC3-projected signal on independent static acquisitions ( Fig. 5G,H) . These results indicate that growth at the sinus results solely from an increase in cell surface areas that strongly correlates with a decrease in CUC3 expression during late stages of teeth development.
DISCUSSION
Spatial and temporal control of cell growth directs leaf serration
Serration initiation at the leaf margin is an example of differential growth. As this process takes place in the basal half of the leaf in a population of proliferating cells, the spatial differences in growth might rely on spatial differences in cell division or in cell growth. Time-lapse analyses provide information at several levels: clone area extension and clone surface areas informed us about clone growth, whereas the map of the number of cells per clones is directly related to cell division events. The combination of time-lapse experiments with the analysis of cell areas from numerous independent static acquisitions allowed us to determine the sequence of cellular events occurring from the initiation of the first tooth to its smoothening at a later stage of leaf development. In the first steps of tooth development (less than 100 μm in width) an equivalent number of cells are formed per clone in sinus and tooth, whereas clone areal strain and clone areas are higher in tooth than in sinuses ( Fig. 1 and Fig. S2 ). These results, confirmed by the measurement of smaller cells in the sinus on static acquisitions, clearly indicate that differences of cell growth between sinus and tooth are responsible for the differential growth in the initial phase of tooth outgrowth. This is in accordance with previous studies reporting small cells in sinuses of Arabidopsis leaves and interleaflets regions of tomato leaves (Kawamura et al., 2010; Rossmann et al., 2015) . It is also in accordance with the recently reported data showing reduced area extension in A. thaliana sinuses and interleaflets regions of C. hirsuta leaves (Kierzkowski et al., 2019; Vlad et al., 2014) . Later on (between 100 and 200 μm of tooth width, Fig.  S3 ), the number of cell divisions is reduced in the region of the sinus. At this stage, growth of clones no longer differs between sinus and tooth. However, as homogeneous growth takes place on cells in different areas, the difference in cell-surface areas between and CUC3 normalized signal (H) from sinuses of teeth 1 of distinct width (acquisitions were performed on 44 independent leaves for a total of 376 sinuses cells). Scale bars: 50 µm. *P<0.05; **P<0.01; ***P<0.001 based on t-test (*** 1 =3.278e −4 ; * 2 =0.01682; *** 3 =7.894e −4 ; * 4 =0.03024; * 5 =0.03892; *** 6 =6.311e −4 ; *** 7 =0.00459; *** 8 =2.957e −5 ; *** 9 =0.001347; * 10 =0.04468; *** 11 =2.988e −5 ). In E-H, boxes represent the interquartile range, the segment inside the box shows the median value, whiskers above and below the box show the location of minimum and maximum, and black dots represent the outliers of the distribution. sinus and serration is maintained (Fig. S3 ). When the tooth reaches more than 200 μm in width, cell division stops and increased cell expansion takes place in the distal sinus (Fig. 5) , potentially requiring endoreplication that has been reported to support an enhanced increase in cell size prior to differentiation (Beemster et al., 2005) . Such a decrease and even arrest of cell division at the latest stages might be correlated with the progressive retreat of the cell division front in the whole leaf (Andriankaja et al., 2012; Donnelly et al., 1999; Fox et al., 2018) . Our results reveal the crucial importance of fine spatial and temporal control of cell growth to sustain dynamic changes of leaf shape in A. thaliana.
Very localized repression of cell growth by CUC3 maintains leaf serration
Our results show that CUC3 expression is restricted to a very limited number of sinus cells that are smaller than the surrounding cells (Fig. 2) . In addition, measurements of cell surface areas on the cuc3-105 mutant or CUC3 overexpression lines support the theory that CUC3 acts as a negative regulator of cell growth (Figs 3 and 4) . This is reinforced by the observation that the decrease in CUC3 expression in a late stage of teeth development correlates with an increase in cell surface area at the sinus (Fig. 5) . This negative and local regulation of cell growth by CUC3 might represent a local differentiation delay that would be consistent with the roles of CUC genes in maintaining meristematic identity (Hibara et al., 2003) . To our knowledge, the only other negative regulator of cell growth involved in leaf margin morphogenesis is RCO, which is expressed in C. hirsuta leaves but is not present in A. thaliana (Kierzkowski et al., 2019; Vlad et al., 2014) . The strong reduction of cell growth imputed to CUC3 might, however, involve a synergic effect of CUC2 and CUC3, as it has been shown that they could form heterodimers (Gonçalves et al., 2015; Rubio-Somoza et al., 2014) . However, conditional overexpression of CUC3 prevents tooth smoothening (Fig. 4) , indicating that CUC3 is sufficient to maintain the repression of cell growth/expansion at the sinus. CUC3 expression has been reported to be induced upon mechanical stress (Fal et al., 2016) , and the initiation of differential growth by CUC2 (Bilsborough et al., 2011; Maugarny-Cales et al., 2019) produces an increase in mechanical stress level at the leaf margin. These two mechanisms provide an efficient combination that can induce the expression of CUC3 very locally at the sinus at a very early stage of tooth initiation and is an effective feedback mechanism that reinforces and maintains differential growth. Even if the growth and mechanical properties of sinus cells are mainly controlled at the local level by the differential growth between sinuses and teeth, it is likely that the evolution of the growth pattern at the level of organs also interferes with local mechanical stress pattern. Growth pattern at the leaf level can direct a mechanical stress pattern similar to that reported in sepals (Hervieux et al., 2016) . The overall organ growth and the resulting stress pattern could release the mechanical stress at the leaf margin, especially in sinus cells, and then trigger the decrease in CUC3 expression in late stages of teeth development. The dynamics of CUC3 expression have a strong impact on leaf morphogenesis, despite its very localized expression.
In conclusion, we described a differential growth process occurring in a population of proliferating cells in young leaves. Like differential growth occurring in apical hook formation or tropic responses, it relies on the temporal and spatial control of cell growth of small groups of cells. At the leaf margin, it involves differential distribution of the CUC3 transcription factor that negatively controls cell growth. This negative control necessarily involves a modulation in the expression of growth-related genes, among which cell wall remodeling genes are likely to be potential targets.
Identification of these genes will require transcriptional analyses of sinus cells compared with others, which might be rather difficult to perform; however, single cell analyses are now emerging and might provide novel perspectives (Denyer et al., 2019; Ryu et al., 2019; Zhang et al., 2019) . Identifying CUC3 targets in the context of leaf serrations would be an important step towards understanding the molecular mechanisms underlying differential growth and growth control at boundary domains.
MATERIALS AND METHODS
Plant materials and growth conditions
All lines are in the Columbia-0 (Col-0) ecotype, the cuc3-105 mutant is described elsewhere (Hibara et al., 2006) , pCUC3::CFPer and pCUC2:: RFPer have been described previously (Gonçalves et al., 2015) , p70s:: PIP2-GFP have been described previously (Luu et al., 2012) , the tt8-1 mutant have been described previously (Nesi et al., 2001) and p35S::TT8-GR in tt8-1 background have been described previously (Baudry et al., 2004) . The p35S::CUC3-GR construct have been described previously (Bennett et al., 2010) and was introduced by transformation in cuc3-105. Seeds were surface sterilized (10 min in 70% ethanol, SDS 0.5%, then washed for a few seconds in 95% ethanol and dried) prior to being sown on half Murashige and Skoog medium in 0.8% agar, pH adjusted at 5.7. All plates were stratified at 4°C for 48 h. All plants were grown for 7 days in vitro in long-day photoperiods (16 h light/8 h dark at 21°C) before being transferred to soil under short-day photoperiods [1 h dawn (19°C, 65% hygrometry, 80 μmol m −2 s −1 light), 6 h day (21°C, 65% hygrometry, 120 μmol m −2 s −1 light), 1 h dusk (20°C, 65% hygrometry, 80 μmol m −2 s −1 light), 16 h dark (18°C, 65% hygrometry, no light)] for 14 days.
Culture conditions for time-lapse imaging
Plants were carefully removed from soil, and cotyledons and leaves 1 to 10 were removed using fine tweezers and surgical syringe needle under a stereo microscope. Seedlings were then transferred onto a plate containing half Murashige and Skoog media (MS/2) supplemented with 1% sucrose and 0.8% agarose. Dissected seedlings were glued to the media by careful deposition of agarose droplets on the hypocotyls. Samples were then imaged every 24 h and grown under long-day conditions between imaging sessions.
Dexamethasone in vitro inductions
Surface-sterilized seeds were sown on MS1/2 and cultivated vertically in standard long day conditions for 7 days, seedlings were then transferred on MS1/2 supplemented with 10 μM dexamethasone or 0.1% ethanol (mock condition) and cultivated for another 7 days. For hypocotyl growth experiments, seeds were sown directly on plates containing 10 μM dexamethasone or 0.1% ethanol as a mock treatment. After stratification, plates were exposed to light for 4 h then were transferred vertically in darkness at 24°C for up to 7 days.
Sample preparation and confocal imaging
In order to visualize the cell edge in a line not carrying a plasma membrane marker, dissected leaves were stained using Calcofluor 0.1% (in distillated water) for 24 h prior to being mounted between slide and coverslip in Citifluor mounting media. For all the other experiments, samples were prepared as for time-lapse acquisition. Prior to imaging, samples were immersed in water for 5 min in order to saturate the agarose gel and avoid uncontrolled movement during imaging. Acquisitions were performed on an upright Leica TCS SP8 laser scanning confocal microscope equipped with a long distance water immersion lens (Leica, 40X0, 8NA water HCX APO L). Calcofluor and CFP were exited at 405 nm, GFP at 488 nm, VENUS at 514 nm and RFP at 560 nm. Calcofluor and CFP signal were collected from 415 to 480 nm, GFP from 498 nm to 510 nm, VENUS from 524 nm to 554 nm and RFP from 570 nm to 650 nm. GFP was collected using a Hyd detector, fluorescence from the other fluorochromes or dyes was collected using PMT detectors. Sequential image settings were used when required. All samples were acquired as a stack of images with a voxel resolution of about 0.5×0.5×0.5 μm.
Image analyzes
Hypocotyl length measurements were performed using NeuronJ plug-in (/imagescience.org/meijering/softwareneuronj/) of ImageJ (imagej.nih.gov/ij/) and data exported to R software (www.r-project.org/) for further analyses. All stacks of images were processed using MorphoGraphX (MGX) software (Barbier de Reuille et al., 2015) (www.mpipz.mpg.de/MorphoGraphX/ software) to segment cells, perform lineage tracking and measure growth parameters; quantitative data were then exported to R as .csv files to perform further analyses. These methods are provided in brief as follows.
Cell segmentation
A stack of images stored in a single .tiff was loaded into MGX, a Gaussian blur was applied to the entire stack within a neighborhood of 0.3 μm and a global solid shape of the leaf primordia was then extracted using the Edge detect process. Parts of the stack not needed for further analyses were removed using the pixel editor. A mesh of the leaf primordia surface was then created using marching cubes of 5 μm side length. The mesh was then smoothed and subdivided. Once the surface of the leaf primordia had been extracted, plasma membrane signal from the epidermis layer was projected onto the surface over a range of 2 to 6 μm from the surface. Seeds were manually added to every cell, the surface signal was then blurred using signal Gaussian blur function in a neighborhood of 1 μm and segmentation was carried out using watershed algorithm. To refine the segmentation, the mesh was subdivided at the cell edge, signal projected onto the refined mesh and watershed run again.
Lineage tracking
After images of all the time points of an experiment were segmented using the cell segmentation pipelines, the first two consecutive time points of an experiment were loaded into MGX as segmented mesh files. The mesh of the first time point was scaled to be the same size as the mesh of the second time point. The mesh of the first time point was then aligned over the mesh of the second time point to make the cell outlines locally coincident. Labels from the first time point were then transferred to the second time point by clicking on the center of the corresponding cells. If a cell had undergone division between the two time points, the same parent label was given to the two daughter cells. Once this operation was achieved for the first two time points, it was repeated to transfer the label from the second time point to the last time point. These new labelings are saved as parent labels.
Cells and growth parameter measurements
Once segmented mesh was obtained, cell surface area and mean Gaussian curvature of the surface were measured for each cell. After cell lineage was completed, the number of cells formed per clones over 48 h was extracted. Clone areal strain was measured as follows: [(clone area at 48h −clone area at 0h )/clone area at 0h ]×100.
Classification of cells
Classification of cells into CUC2, CUC2/3 or no CUCs categories in Fig. 2 . Signals from pCUC2::RFPer or pCUC3::CFPer were projected onto a segmented mesh using the project signal function over a range of 2 to 6 μm from the surface. Mean signal intensities were collected for both reporters in each cells. A .csv file containing these data was exported to R software. Cell signal intensities from all the acquisitions on lines expressing these reporters were pooled together in order to plot the overall distribution of signal intensities according to the surface of cells for both reporters. Signal intensities were normalized in order to range the signal intensity values between 0 and 1. A threshold was applied for both signals: all cells with a normalized signal over 0.2 were considered as expressing the reporter. Cells were then classified into CUC2, CUC2/3 or noCUCs according to the reporter they expressed after the previous steps of the pipeline. After cell classification, cell areas, area of domain (CUC2, CUC2/3 and no CUCs) as well as number of cells per domain were computed from the data files on R.
For each acquisition, a single .csv file was generated as an output of R data analyses pipelines. It contains all the relevant information on cells: classification into marker domains, cell area, mean gaussian curvature, localization (sinus, tooth and leaf). These files can be read in MorphoGraphX in order to visualize any quantified information on the surface mesh of the acquisition. Tooth width corresponds to the distance between two consecutive sinuses.
For time-lapse experiments, additional .csv files were generated. They contain additional information on: clones area, numbers of cells per clones, area extension and clone position (distal sinus, tooth and leaf ).
